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A micromachining process for the fabrication of micro-electro-mechanical systems (MEMSs), using both boron-doped silicon
and silicon-germanium amorphous films (a-SiB:H and a-Si0.50Ge0.50B:H) prepared with plasma-enhanced chemical vapor
deposition (PECVD), at 110 kHz, 300 °C and a low pressure (8 · 10–4 mbar) is presented. These MEMSs were fabricated using a
surface micromachining technology with wet and dry etching. The microstructures made of a-Si0.50Ge0.50B:H and a-SiB:H,
with a structural single layer with a thickness of 1 μm were fabricated. Diamond, ring, V and Vernier-beam structures were
included in the MEMS process. We found optical gaps of 1.55 eV and 0.97 eV for the a-SiB:H and a-Si0.50Ge0.50B:H films,
respectively. We varied the boron doping concentration for the a-Si0.50Ge0.50B:H samples, causing a decrease in the resistance
from 6.84 MW to 0.2 MW. A compressive stress of 13.44 MPa was obtained for the diamond-type microstructures of a-SiB:H.
An improved mechanical stability and lateral definition were obtained for the a-Si0.50Ge0.50B:H microstructures, with a
compressive stress of 10.66 MPa. These microstructures showed excellent characteristics for their integration in the production
of MEMSs.
Keywords: MEMS, Vernier beam, diamond-type structure, amorphous silicon, amorphous silicon germanium, PECVD
Predstavljen je postopek mikroobdelave pri izdelavi mikroelektromehanskega sistema (MEMS) z borom dopiranih silicijevih in
silicij-germanijevih amorfnih tankih plasti (a-SiB:H in a-Si0,50Ge0,50B:H), izdelanih s kemijskim postopkom nana{anja iz
parne faze v plazmi (PECVD) pri 110 kHz in 300 °C pri tlaku 8 · 10–4 mbar. MEMS so bili izdelani s tehnologijo mikroobdelave
povr{ine z mokrim in suhim jedkanjem. Izdelane so bile mikrostrukture iz a-Si0,50Ge0,50B:H in a-SiB:H, ki sestojijo iz ene
plasti debeline 1 μm. V proces MEMS so bile vklju~ene diamantne, obro~aste, V in Vernierjeve stebraste strukture. V plasti
a-SiB:H in a-Si0,50Ge0,50B:H smo na{li opti~ne vrzeli pri 1,55 eV in 0,97 eV. Spreminjanje koncentracije dopiranega bora v
vzorcu a-Si0,50Ge0,50B:H je pripeljalo do zmanj{anja upornosti od 6,84 MW na 0,2 MW. Tla~na napetost 13,44 MPa je bila
dose`ena v diamantni mikrostrukturi a-SiB:H. Izbolj{ana mehanska stabilnost je bila dobljena pri mikrostrukturi
a-Si0,50Ge0,50B:H s tla~no napetostjo 10,66 MPa. Te mikrostrukture ka`ejo odli~ne lastnosti za njihovo vklju~itev pri izdelavi
MEMS.
Klju~ne besede: MEMS, Vernierjev steber, diamantna struktura, amorfni silicij, amorfni silicij-germanij, PECVD

1 INTRODUCTION
Recent advances in micromachining technologies
related with the manufacturing of micro-electro-mechanical systems (MEMSs) made it necessary to investigate
new materials to be used for the fabrication of modern
devices1–3. Some materials can be deposited at the
temperatures that are low enough (below 300 °C) to
remain unaffected during a regular process involving a
thermal load in the production of any complex microelectronics, for instance, when sensors and/or actuators
(accelerometers, anemometers, gyroscopes, thermal
devices, RF-transmitters, photodetectors, optical modulators, micromirrors4–8) must be integrated using a complementary metal-oxide semiconductor (CMOS) technology9,10. A variety of materials, such as amorphous Si
(a-Si), amorphous Ge (a-Ge) and the amorphous Si-Ge
alloy (a-SiGe), can be nowadays deposited onto different
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substrates, using plasma-enhanced chemical vapor
deposition (PECVD)11–13. Currently, these materials are
attracting the attention because their electrical and
mechanical properties are suitable for manufacturing
microstructures.
The a-SiGe films were developed mainly for the
applications in optoelectronic devices. The optical band
gap of an amorphous material is determined with the
content ratio of Si/Ge in the film. In general, optical,
electrical and mechanical properties can be varied
according to the type and ratio of the introduced gases
during the deposition. In particular, the mechanical properties provide a new property of amorphous semiconductors for fabricating microstructures.
On the other hand, most of the microstructures for
MEMSs are made with polysilicon (i.e., polycrystalline
silicon); however, this material is deposited and doped at
650 °C and 900 °C, respectively, and this affects the
3
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thermal budget of the process. Thus, on the basis of our
knowledge of the PolyMEMSV process, we fabricated
microstructures using a-SiGe films. We used this material because a-SiGe films, deposited at 300 °C, can show
properties similar to those presented by polysilicon
processed at much higher temperatures. Furthermore, the
a-SiGe properties such as Young’s modulus, bond content, thickness, resistivity and optical gap can be varied
with the deposition conditions (frequency, pressure,
temperature and gas-flow rate). It was found14 that Si-Ge
forms polymeric chains that do not alter at all the
procedure explained in this article.
1.1 Mechanical structures for monitoring mechanical
stress
One of the main problems in manufacturing surface
microstructures is the presence of residual stresses.
Residual stresses (si = Ee) are internal mechanical forces
that act on an isotropic material without the applications
of external forces or temperature gradients. Residual
stresses lead to mechanical deformations (e) in the materials, resulting in fractional changes in the dimensions
(linear, surface or volume)12,13.
In order to develop a microsystem technology, we
must include the structures for monitoring the efforts and
residual stress on the film so that we are able to observe
the presence of mechanical stresses due to the deformation. The presence of a mechanical stress causes an
unpredictable behavior in static or dynamic structures. A
bridge-type structure (clamped-clamped beam), under a
compressive stress, presents a deformation along its
structure when it is released (buckling). The critical
deformation ecr can be estimated using Euler equation 1
for a beam with the critical length Lcr, as shown in
Figure 1:
e cr =

π2
( 4Dz2 + 4h 2 )
12L2cr

(1)

In the above equation h is the thickness of the beam,
Lcr is the critical length of the beam and Dz is the strain
amplitude.
1.2 Young’s modulus
Young’s modulus is a measure of the stiffness of an
elastic material. The residual stress (si) is directly proportional to Young’s modulus; therefore, a higher
Young’s modulus corresponds to a higher stress in the
material. An ANSYS® finite-element simulator was

Figure 1: Bridge-type structure with a compressive stress
Slika 1: Oblika zgradbe mosti~ka s tla~no napetostjo
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used to calculate the Young’s modulus for a-SiGe
films15,16 and this allowed a simulation of the dynamic
behavior of the microstructure beams. A modal analysis
was used to determine the first natural mode of the
resonance frequency of the beam with the following conditions:
• The beam is considered as a harmonic oscillator.
• The beam is anchored at one end and free at the other
end.
• The resonance frequency is proportional to the
dimensions of the beam (L = 100 μm, h = 1 μm and
w = 10 μm).
• The properties of the materials are: thermal-expansion coefficients, density, thermal conductivity17,18.
The resonance frequency is a function of the dimensions and mechanical characteristics of the material:
Fres

E(1− u 2 ) h
= 01604
.
r
L2

(2)

Here h is the thickness of the thin film, L is the length
of the beam, r is the density of the material, E is Young’s
modulus, u is Poisson’s ratio and Fres is the resonance
frequency of the beam15.
1.3 Design and manufacturing of microstructures
Any PolyMEMSV chip includes passive structures
such as bridge, diamond, ring, V and Vernier-beam structures acting as the monitors of the residual mechanical
stress of a-SiB:H and a-Si0.50Ge0.50B:H films.
The microstructure manufacturing consists of deposition and etching of the materials, while the microstructure release is done with the chemical-etching techniques: wet and/or dry16–23. Surface micromachining is
used to remove the material used as a sacrificial film20–22.
In other cases, the bulk micromachining of silicon moves
the wafer back24. Dry etching is done with the reactive-ion-etching system (RIE) or inductively coupled
plasma (ICP). In contrast, wet etching uses chemical
solutions, usually alkaline potassium hydroxide (KOH)
and sodium hydroxide (NaOH). In the cases of both wet
and dry etching, it is necessary to define the geometric
patterns on the wafer to manufacture the microstructures
with a photolithographic process.
The PolyMEMSV process is based on material deposition and wet and dry attacks for surface micromachining. Wet etching with potassium hydroxide and
water (H2O:KOH) at a temperature of 32 °C is used. Dry
etching based on the reactive ion attack (RIE) is carried
out with MicroRIE-800 from Technics Inc.25; CHF3/O2
and SF6/O2 gasses are used24. Photolithography with a
positive photoresistance (ma-P1225) at 3000 r/min was
applied for 30 s.26 Our manufacturing processes are standardized to the level of a-SiGe of 1 μm on a phosphosilicate-glass (PSG) layer of 3 μm as the sacrificial
material and an aluminum layer of 1 um.
Materiali in tehnologije / Materials and technology 49 (2015) 1, 3–8
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1.4 Experimental setup
The experimental setup consisted of a silicon oxide
(SiO2) film as the electrical insulator, a PSG material as
the sacrificial material (or a temporary mechanical
support), an amorphous-film deposition and aluminum
(Al) as the electrical conductor, and a crystalline silicon
wafer used as the substrate. The manufacturing process
is carried out in the following steps:
1. It begins with the growth of 200 nm SiO2 films at a
temperature of 1000 °C, for 30 min, in a H2O vapor
flow (Figure 2a).
2. A PSG sacrificial film 3 μm is deposited using an
atmospheric-pressure chemical vapor deposition
system (APCVD.) This film serves as a temporary
mechanical support for the structures suspended. The
conditions are: a temperature of 450 °C, nitrogen
(N2), silane (SiH4) and phosphine (PH3) flows, duration of 58 min (Figure 2b).
Lithography and wet etching are performed on the
PSG film in order to deposit a microstructure film,
applying a negative photoresistance (ma-1420) at 5000
r/min for 30 s, during an exposure time of 10 s.25 Developed in 35 s and using a thermal annealing at 110 °C
for 15 min, wet etching is performed with potassium
hydroxide (KOH) to 10 % at a temperature of 32 °C for 3
min (Figure 2c).
The a-SiB:H and a-Si0.50Ge0.50B:H films 1 μm are
deposited with the PECVD system under the following
conditions: a temperature of 300 °C, a frequency of 110
kHz, a power of 500 W and a pressure of 8 · 10–4 mbar.
Silane (SiH4), germane (GeH4), hydrogen (H2) and diborane (B6H4) flows are used (Figure 2d).
The microstructures of the a-Si1B:H and
a-Si0.50Ge0.50B:H films are defined with lithography
and dry etching in RIE. Sulfur tetrafluoride (SF4) gas is
used to generate the RIE plasma, with an electrical

Figure 2: Sequence of the steps for the production of the microstructures of a-Si1B:H and a-Si0.50Ge0.50B:H with a thickness of 1 μm
Slika 2: Zaporedje korakov pri izdelavi mikrostrukture a-Si1B:H in
a-Si0,50Ge0,50B:H debeline 1 μm
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power of 200 W and the base pressure of 4 · 10–1 mbar
(Figure 2e).
Aluminum 1 μm used for electrical contacts is deposited with a physical vapor deposition system (PVD).
Aluminum etching is performed using a chemical solution of H3PO4, CH3COOH and HNO3 for 7 min at 27 °C
(Figure 2f).
The last step includes a removal of the PSG sacrificial layer to release the suspended microstructures. The
technique used to release the microstructures consists of
eliminating the PSG with a hydrofluoric acid solution
(HF to 49 %) at room temperature for 4 min. The microstructure release is performed with 2-propanol at 62 °C,
water DI at 62 °C and acetone at 62 °C to remove the
residues in order to avoid a collapse (Figure 2g).
2 RESULTS AND DISCUSSION
The spectra of the optical absorption were measured
with a UV/Vis 300 Spectronic-Unicam spectrometer20.
The optical gap Eg of the films was extracted according
to the empirical formula derived by Tauc26–29. Figure 3
shows the band optical gap Eg versus the Ge content (Xg)
for the films studied here. The values of the optical gap
of 1.55 eV for the a-SiB:H film are also shown. As the
Ge content increases from 0 to 0.25 the optical gap
decreases rapidly from 1.55 eV to 1.06 eV for the
a-Si0.75Ge0.25B:H films. When the Ge content Xg > 0.5
(a-Si0.50Ge0.50B:H) the change in the optical gap
becomes slower, 0.97 eV and 0.78 eV for the a-GeB:H
films.
The electrical and mechanical properties, the stress
and roughness of a film are important in the fabrication
of microstructures. The data obtained from the a-SiB:H
thin films and the a-Si1-XGeXB:H alloy with different
molar concentrations of Ge show that the optical gap

Figure 3: Band gap versus Ge content for a-Si1-XGeXB:H thin films
Slika 3: Energijska vrzel v tanki plasti a-Si1-XGeXB:H glede na
vsebnost Ge
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Figure 6: a) Geometric profile and b) close-to-TVM-type microstructure
Slika 6: a) Geometrijski profil in b) mikrostruktura blizu TVM

Figure 4: Current-voltage curves for the a-Si0.50Ge0.50B:H sample
doped with different amounts of boron
Slika 4: Odvisnost toka od napetosti pri vzorcu a-Si0,50Ge0,50B:H,
dopiranem z razli~nimi vsebnostmi bora

varies with the B content, but the preferential Ge incorporation in the solid phase is evident.
Figure 4 shows the current-voltage curves for the
sample of a-Si0.50Ge0.50B:H doped with different
amounts of boron; this graph shows that the slope of
each curve changes in the range of 0.12 μA to 1.7 μA.
These changes in the slope of the current-voltage curve
between different samples are due to the variation in the
electrical resistance of different samples. The electrical
resistance decreases with the amount of boron present in
the samples in the range of 6.84 MW to 0.514 MW. The
a-Si0.50Ge0.50B:H sample doped with 60 % of boron
has less electrical resistance. The result of an electrical
characterization was obtained with a Keithley Model
2400 SourceMeter16,30.
Figure 5 shows the resonance frequency obtained
through the finite-element method using ANSYS®16,
allowing us to calculate the Young’s modulus from

Figure 5: Resonant frequency and Young’s modulus as functions of
the concentration
Slika 5: Resonan~na frekvenca in Youngov modul v odvisnosti od
koncentracije
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Equation 2 as a function of the germanium concentration
in the bridge-type microstructure.
The analysis showed that Young’s modulus can be
assumed as a linear combination of the amounts of silicon and germanium in thin films.
We designed a microstructure-manufacturing process
with the a-Si0.50Ge0.5B:H films deposited at the temperature of 300 °C to use it for post-processing MEMS
with the CMOS technology. The SEM images were
recorded at an acceleration voltage of 15 kV and in a
high vacuum (HV) using a JEOL SEM model JSM5610LV (Hitachi, Japan). The samples were placed on a
specimen stub using a double-sided adhesive carbon
tape.
The microstructures manufactured at a low temperature of 300 °C, with a structural level of hydrogenated
amorphous silicon doped with boron (a-Si1B:H) exhibited a higher roughness on the surface and a poor
definition at the edges of the structures; in addition to the
chemical attack on the surface of the wafer and the structures, Figure 6 shows SEM images of thermal microactuator chevron (TVM) type microstructures.
Additionally, when using thin films of a-Si0.50
Ge0.50B:H a direct dependence on the roughness and
the definition of the edge is observed, while others do
not show lateral etching on the structures or on the wafer.
Figure 7 shows the profiles of thermal bimorph
micro-actuator (TBA) type microstructures manufactured
with the a-Si0.50Ge0.50B:H films including a structural
layer.
The microstructures of a-SiB:H and a-Si0.50Ge0.50
B:H show the presence of the residual stress (si) of
compression in suspended microstructures. Figure 8

Figure 7: SEM images of the microstructure of a-Si0.50Ge0.50B:H:
a) TBA-type microstructure, b) close up of the TBA-type microstructure
Slika 7: SEM-posnetka mikrostrukture a-Si0,50Ge0,50B:H: a) TBAvrsta mikrostrukture, b) blizu TBA-vrsti mikrostrukture
Materiali in tehnologije / Materials and technology 49 (2015) 1, 3–8
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130 GPa. So, the a-Si0.50Ge0.50B:H microstructures
present less stress.
3 CONCLUSIONS

Figure 8: Compression stress (–si) for diamond-type microstructures:
a) microstructure of a-SiB:H, b) microstructure of a-Si0.50Ge0.50B:H
Slika 8: Tla~na napetost (–si) za diamantno mikrostrukturo: a) mikrostruktura a-SiB:H, b) mikrostruktura a-Si0,50Ge0,50B:H

shows images of diamond-type structures with different
lengths and a width of 10 μm across the central bar; the
structures present an evident deformation known as the
critical length of deformation (buckling), ecr.
According to Equation 1, the deformation of a-SiB:H
diamond-type structures, with a length of 200 μm across
the central bar and a width of 10 μm, is 89.363 μm, and
the residual stress (si = eE) is calculated to be 13.444
MPa. The a-Si0.50Ge0.50B:H diamond-type structure
does not show any lateral chemical attacks, but it indicates a compressive residual stress of 10.661 MPa (Figure 8).
Figure 9 shows that the stress is higher when the
length of the central bar is smaller; this is because the
deformation (ecr) is directly proportional to the length of
the bar and the stress – si is directly proportional to the
Young’s modulus. The Young’s modulus of a-Si:H is 160
GPa and for a-Si0.50Ge0.50B:H the Young’s modulus is

The work presents the results of manufacturing
microstructures with a-SiB:H and a-Si0.50Ge0.50B:H
films deposited with a PECVD system at a temperature
of 300 °C. The electrical and optical characterization of
a-Si1-XGeXB:H thin films was made. The value of the
optical gap of the a-SiB:H film is 1.55 eV and for the
a-Si0.50Ge0.50B:H film it is 0.97 eV. When germanium
content increases, the optical gap decreases rapidly from
1.55 eV to 0.78 eV for a-GeB:H films. The electrical
resistance of the a-Si0.50Ge0.50B:H film doped with
different concentrations of boron becomes reduced from
6.84 MW to 0.56 MW. The Young’s modulus of amorphous silicon-germanium alloys presents a linear
behavior of the silicon/germanium content.
The a-Si0.50Ge0.50B:H suspended microstructures
fabricated with a surface micromachining technique at a
temperature of 300 °C provide an excellent definition of
geometric patterns, having a high mechanical stability in
contrast with the microstructures of a-Si1B:H. The
advantage of working at low temperatures is a reduction
of the residual stress and the intrinsic gradient present at
high temperatures. However, diamond-type structures
exhibit a compressive mechanical stress of 13.44 MPa
for the a-SiB:H structural layer and 10.66 MPa for the
a-Si0.50Ge0.50B:H structural layer. We can, therefore,
conclude that the microstructures with the a-Si0.50
Ge0.50B:H structural layers deposited at 300 °C using
PECVD with the heat treatments < 350 °C can be
applied in post-CMOS processes and MEMSs as structural materials. In future we plan to integrate the manufacturing devices and microstructures within a die.
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